INTRODUCTION
============

Maternal stress during pregnancy or stress exposure early in postnatal life affects negative impact on health over the lifespan of offspring, including aberrations in brain development. These effects alter brain connectivity and function that may induce cognitive dysfunction and affective disorder in offspring ([@b15-jer-11-1-12]; [@b30-jer-11-1-12]). [@b6-jer-11-1-12] suggested that prenatal stressor plays a critical role in determining the consequences on behavior and physiology of offspring in later life. Prenatal stress is thought to have enduring effects and to influence stress response on late life ([@b30-jer-11-1-12]).

Alterations in serotonergic function trough alterations of 5-hydroxytryptamine (5-HT) and tryptophan hydroxylase (TPH) are associated with anxiety disorders ([@b22-jer-11-1-12]). Anxiety is associated with several brain areas, including the hippocampus, raphe nuclei, and locus coeruleus. Hippocampus is involved in the cognitive process and is an important brain region of emotion, including the modulation of anxiety states ([@b2-jer-11-1-12]; [@b21-jer-11-1-12]). 5-HT synthesis within the raphe nuclei, including the dorsal and median raphe projections to the forebrain, plays a key role in mood disorders ([@b16-jer-11-1-12]). TPH, the rate-limiting enzyme of serotonin, directly determines the level of 5-HT synthesis ([@b3-jer-11-1-12]). 5-HT and TPH are involved in cell survival, neurogenesis, and synaptic plasticity ([@b17-jer-11-1-12]), which are decreased by prenatal stress ([@b20-jer-11-1-12]; [@b28-jer-11-1-12]) and aging ([@b10-jer-11-1-12]; [@b26-jer-11-1-12]). Activation of locus coeruleus is associated with emotional status ([@b19-jer-11-1-12]). Locus coeruleus is thought as a "stress circuit", because locus coeruleus activated after stressful stimuli ([@b11-jer-11-1-12]).

Increased anxiety is linked to the overexpression of the pro-apoptotic protein Bax, which initiates neuronal cell death and causes selective impairment in hippocampal neurogenesis ([@b14-jer-11-1-12]; [@b21-jer-11-1-12]). Bcl-2 is known to inhibit apoptosis, and the overexpression of Bcl-2 enhances neurogenesis and survival of newborn neuron ([@b14-jer-11-1-12]; [@b33-jer-11-1-12]).

Exercise has been reported to have beneficial effects on brain function, such as managing anxiety and depression ([@b5-jer-11-1-12]; [@b23-jer-11-1-12]). Exercise improves neuronal plasticity and psychological well-being ([@b9-jer-11-1-12]; [@b18-jer-11-1-12]). In the present study, we examined the effects of treadmill exercise on apoptosis in offspring exposed to prenatal stress in relation with serotonin expression. Particularly, we compared the efficacy of maternal treadmill exercise during pregnancy and offspring treadmill exercise after birth.

MATERIALS AND METHODS
=====================

Animals and treatments
----------------------

The experimental procedures were performed in accordance with the animal care guidelines of the National Institutes of Health (NIH) and the Korean Academy of Medical Sciences. The animals were housed under controlled temperature (23±2°C) and lighting (08:00 to 20:00 h) conditions with food and water available *ad libitum*. The pregnant Sprague-Dawley rats (12 weeks old) were obtained from commercial breeder (Orient Co., Seoul, Korea), and randomly divided into 3 groups (n=5 in each group): the control group, the stress-induced group, and the stress-induced and exercise group.

After delivery, the offspring were randomly divided into 4 groups (n=7 in each group): offspring in the maternal control group, offspring in the maternal stress group, offspring in the maternal stress with exercise group, and offspring with exercise in the maternal stress group.

Induction of stress during pregnancy
------------------------------------

Stress to the pregnant rats was induced by exposure of maternal rats to the hunting dog in an enclosed room, according to the previous study ([@b23-jer-11-1-12]). Exposure time was 10 min, three times per day, with a 1-h interval between exposures. This regimen was maintained from the seventh day of gestation until delivery. The responses of pregnant rats to the hunting dog were watching from a distance, approaching and sniffing, and chasing with occasional mild attack. The hunting dog was able to approach, but could not injure the pregnant rats. The same hunting dog was used in all experiments.

Exercise protocol
-----------------

The pregnant rats in the exercise group were forced to run on a motorized treadmill for 30 min once a day, started 7 days after pregnancy until delivery. The offspring with exercise group were forced to run on a motorized treadmill for 30 min once a day, started 4 weeks after birth for 4 weeks. The exercise load consisted of running at a speed of 2 meters/min for the first 5 min, 5 meters/min for the next 5 min, and 8 meters/min for the last 20 min, with a 0° inclination.

Tissue preparation
------------------

The offspring were sacrificed 80 weeks after birth. The rats were anesthetized using Zoletil 50^®^ (10 mg/kg, i.p.; Vibac Laboratories, Carros, France), transcardially perfused with 50 mM phosphate-buffered saline (PBS), and fixed with a freshly prepared solution consisting of 4% paraformaldehyde in 100 mM phosphate buffer (PB, pH 7.4). The brains were dissected and post-fixed in the same fixative method overnight, and transferred to a 30% sucrose solution for cryoprotection. Forty μm thick coronal sections were made using a freezing microtome (Leica, Nussloch, Germany). On average 10 slice sections were collected from each rat, and the sections were used for immunohistochemistry.

Western blot for Bax and Bcl-2
------------------------------

Western blot was performed according to previously described methods ([@b13-jer-11-1-12]). The hippocampus were collected, then immediately frozen at −70°C. Protein from each hippocampus was extracted. The tissues were homogenized with lysis buffer containing 50 mM Tris--HCl (pH 8.0), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl~2~ 6H~2~O, 1 mM EGTA, 1 mM PMSF, 1 mM Na~2~VO~4~, and 100 mM NaF, then ultra- centrifuged at 50,000 rpm for 1 h. Protein content was measured using a Bio-Rad colorimetric protein assay kit (Bio-Rad, Hercules, CA, USA). Protein (30 μg) was separated on SDS-polyacrylamide gels and transferred onto a nitrocellulose membrane. Anti-Bax (1:1,000; Santa Cruz Biotechnology, Dallas, TX, USA), anti-Bcl-2 (1:1,000; Santa Cruz Biotechnology), and anti- β-actin (1:1,000; Santa Cruz Bio-technology) were used as the primary antibodies. Horseradish peroxidase-conjugated anti-mouse antibodies for β-actin, Bax, and Bcl-2 were used as the secondary antibodies. Experiments were performed in normal laboratory conditions and at room temperature, except for the transferred membranes. Transferred membranes were performed at 4ºC with the cold pack and pre-chilled buffer. Band detection was performed using the enhanced chemiluminescence (ECL) detection kit (Santa Cruz Biotechnology).

Immunohistochemistry for 5-HT and TPH
-------------------------------------

To visualize 5-HT and TPH expression, immunohistochemistry for 5-HT and TPH in the dorsal raphe were performed, according to the previous study ([@b23-jer-11-1-12]). The dorsal raphe spanning from Bregma 7.20 to 8.00 mm were obtained from each brain. The sections were incubated in PBS for 10 min, and then washed three times in the same buffer. The sections were then incubated in 1% H~2~O~2~ for 30 min. The sections were selected from each brain and incubated overnight with rabbit anti-5-HT antibody (1:500, Abcam, Cambridge, UK) or rabbit anti-TPH antibody (1:1,000; Oncogene Research Product, Cambridge, UK), and then with biotinylated rabbit secondary antibodies (1:200; Vector Laboratories, Burlingame, CA, USA) for another 1 h. The secondary antibodies were amplified with the Vector Elite ABC kit^®^ (1:100; Vector Laboratories). Antibody-biotin-avidin-peroxidase complexes were visualized using 0.03% 3,3′-diaminobenzidine (DAB), and the sections were mounted onto gelatin-coated slides. The slides were air-dried overnight at room temperature, and the coverslips were mounted using Permount^®^ (Fisher Scientific, Waltham, MA, USA).

Immunohistochemistry for c-Fos
------------------------------

Immunohistochemistry for c-Fos positive cells in the locus coeruleus (Bregma 9.84 to 9.96 mm) was conducted, as the previously described method ([@b23-jer-11-1-12]). The sections were incubated in PBS for 10 min and then washed three times in the same buffer. The sections were then incubated in 1% H~2~O~2~ for 30 min. Next, the sections were incubated overnight with rabbit anti-c-Fos antibody (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The sections were then incubated for 1 h with anti-rabbit secondary antibody (1:200; Vector Laboratories). Next, the sections were incubated with avidin-biotin-peroxidase complex (1:100; Vector Laboratories) for 1 h at room temperature. The sections were incubated in a solution of 0.02% DAB and 0.03% H~2~O~2~ in 50 mM Tris-HCl (pH 7.6) for 5 min, washed with PBS and mounted onto gelatin-coated slides. The slides were air-dried overnight at room temperature, and the coverslips were mounted using Permount^®^ (Fisher Scientific).

Data analysis
-------------

For confirming the expression of Bax and Bcl-2, the detected bands were quantified using an Image-Pro Plus computer-assisted image analysis system (Media Cyberbetics Inc., Silver Spring, MD, USA). The numbers of 5-HT-positive and TPH-positive cells in the dorsal raphe and the number of c-Fos-positive cells in the locous coeruleus were counted hemilaterally under a light microscope (Olympus, Tokyo, Japan). The data were analyzed with oneway ANOVA and then Duncan post-hoc tests. All values are expressed as the mean±standard error of the mean (SEM), and *P*\< 0.05 was considered significant.

RESULTS
=======

Effect of treadmill exercise on Bax and Bcl-2 expression in the hippocampus
---------------------------------------------------------------------------

The effect of treadmill exercise on Bax and Bcl-2 expression in the hippocampus is presented in [Fig. 1](#f1-jer-11-1-12){ref-type="fig"}. The level of Bax expression in the offspring in the maternal control group was set as 1.00. The level of Bax expression was 1.97±0.09 in the offspring in the maternal stress group, 1.90±0.08 in the offspring in the maternal stress with exercise group, and 1.52±0.07 in the offspring with exercise in the maternal stress group. The expression of Bax in the off-spring in the maternal stress group was higher than that in the off-spring in the maternal control group. Postnatal treadmill exercise of offspring decreased the expression of Bax, in contrast, maternal exercise during pregnancy exerted no significant effect on Bax expression.

The level of Bcl-2 expression in the offspring in the maternal control group was set as 1.00. The level of Bcl-2 expression was 0.58±0.05 in the offspring in the maternal stress group, 0.67±0.05 in the offspring in the maternal stress with exercise group, and 0.97 ±0.03 in offspring with exercise in the maternal stress group. The expression of Bcl-2 in the offspring in the maternal stress group was lower than that in the offspring in the maternal control group. Postnatal treadmill exercise of offspring increased the expression of Bcl-2, in contrast, maternal exercise during pregnancy exerted no significant effect on Bcl-2 expression.

Effect of treadmill exercise on 5-HT expression in the dorsal raphe
-------------------------------------------------------------------

The effect of treadmill exercise on 5-HT expression in the dorsal raphe is presented in [Fig. 2](#f2-jer-11-1-12){ref-type="fig"}. The number of 5-HT-positive cells was 225.50±9.96 in the offspring in the maternal control group, 103.25±3.40 in the offspring in the maternal stress group, 98.37±2.96 in the offspring in the maternal stress with exercise group, and 168.75±4.51 in offspring with exercise in the maternal stress group. The number of 5-HT-positive cells in the off-spring in the maternal stress group was lower than that in the off-spring in the maternal control group. Postnatal treadmill exercise of offspring increased the number of 5-HT-positive cells, in contrast, maternal exercise during pregnancy exerted no significant effect on the number of 5-HT-positive cells.

Effect of treadmill exercise on TPH expression in the dorsal raphe
------------------------------------------------------------------

The effect of treadmill exercise on TPH expression in the dorsal raphe is presented in [Fig. 3](#f3-jer-11-1-12){ref-type="fig"}. The number of TPH-positive cells was 342.50±11.32 in the offspring in the maternal control group, 161.00±7.31 in the offspring in the maternal stress group, 158.33±8.23 in offspring in the maternal stress with exercise group, and 236.83±11.58 in the offspring with exercise in the maternal stress group. The number of TPH-positive cells in the offspring in the maternal stress group was lower than that in the offspring in the maternal control group. Postnatal treadmill exercise of offspring increased the number of TPH-positive cells, in contrast, maternal exercise during pregnancy exerted no significant effect on the number of TPH-positive cells.

Effect of treadmill exercise on c-Fos expression in the locus coeruleus
-----------------------------------------------------------------------

The effect of treadmill exercise on c-Fos expression in the locus coeruleus is presented in [Fig. 4](#f4-jer-11-1-12){ref-type="fig"}. The number of c-Fos-positive cells was 37.55±1.89 in the offspring in the maternal control group, 60.89±4.60 in the offspring in the maternal stress group, 68.33±4.17 in the offspring in the maternal stress with exercise group, and 42.00±3.40 in the offspring with exercise in the maternal stress group. The number of c-Fos-positive cells in offspring in the maternal stress group was higher than that in the offspring in the maternal control group. Postnatal treadmill exercise of off-spring decreased the number c-Fos-positive cells, in contrast, maternal exercise during pregnancy exerted no significant effect on the number of c-Fos-positive cells.

DISCUSSION
==========

Bax is a promoter of apoptosis while Bcl-2 is an anti-apoptotic regulator ([@b8-jer-11-1-12]). In the cerebral ischemia, Bax expression was higher and Bcl-2 expression was lower in the hippocampus of the control gerbils ([@b13-jer-11-1-12]). Bax expression was increased and Bcl-2 expression was decreased in the hippocampus of schizophrenic mice, which represents enhancement of apoptosis ([@b4-jer-11-1-12]). Higher Bax level and lower Bcl-2 level were also reported in the attention deficit/hyperactivity disorder (ADHD) rats with Purkinje cell loss ([@b32-jer-11-1-12]). In addition, enhanced Bax to Bcl-2 ratio was observed in the gastric ulcer-induced apoptosis in gerbils ([@b12-jer-11-1-12]). In the present study, offspring exposed to prenatal stress exhibited lower level of the Bcl-2 and higher level of Bax in the hippocampus compared to age-matched control rats. The present results indicate that prenatal stress induced neuronal apoptosis in the hippocampus of offspring in late life.

5-HT is involved in the mood regulation, and serotonergic dysfunction is closely associated with mood disorders such as anxiety, depression, panic, and obsessive compulsive disorder ([@b23-jer-11-1-12]; [@b24-jer-11-1-12]; [@b25-jer-11-1-12]). Stressful experiences, such as repeated separation of pups, suppressed 5-HT and TPH expression in the dorsal raphe and caused depression-like state in the maternal rats ([@b25-jer-11-1-12]). Maternal separation induced anxiety-like behaviors, and this condition was associated with reduced 5-HT expression (Sachis et al., 2013). In the present study, offspring exposed to prenatal stress exhibited reduced expression of 5-HT and TPH in the dorsal raphe compared to age-matched control rats. The present results indicate that prenatal stress induced depressive state of offspring in late life.

As stressful stimuli initiate neuronal activation, we also determined whether prenatal stress activated neurons in the locus coeruleus. [@b29-jer-11-1-12] reported that prenatal stress increased the number of Fos-immunoreactive neurons in the locus coeruleus. Increment of c-Fos expression indicates neuronal activation within several brain regions by stressful stimuli ([@b27-jer-11-1-12]). Prenatal stress enhanced c-Fos expression in the hypothalamus and locus coeruleus of the maternal rats ([@b23-jer-11-1-12]). In the present study, offspring exposed to prenatal stress showed increased c-Fos expression in the locus coeruleus compared to age-matched control rats. The present results indicate that prenatal stress initiated neuronal activation in the locus coeruleus of off-spring in late life.

Physical activity has an impact on mental health by modulating neurotransmitter release and expression of trophic factors, which can improve mood status ([@b18-jer-11-1-12]; [@b23-jer-11-1-12]). Here in this study, we compared the effects of maternal treadmill exercise and offspring treadmill exercise on prenatal stress-induced apoptosis and serotonin expression.

Treadmill exercise suppressed Bax expression and enhanced Bcl-2 expression in the hippocampus of schizophrenic mice ([@b4-jer-11-1-12]). Treadmill exercise inhibited Bax level and increased Bcl-2 level with alleviation of Purkinje cell loss in the ADHD rats ([@b32-jer-11-1-12]). In the present study, treadmill exercise of off-spring exposed to prenatal stress suppressed Bax expression and enhanced Bcl-2 expression in the hippocampus of offspring. These results suggest that treadmill exercise of offspring suppressed prenatal stress-induced apoptosis. However, maternal treadmill exercise showed no significant effect on Bax and Bcl-2 expression.

The positive effects of exercise are, in part, related to the effects of exercise on serotonergic function ([@b31-jer-11-1-12]). Wheel running increased 5-HT1A mRNA expression in dorsal raphe ([@b7-jer-11-1-12]). [@b1-jer-11-1-12] reported that postnatal treadmill exercise increased 5-HT synthesis and TPH level in the dorsal raphe of rat pups subjected to maternal separation. In the present study, treadmill exercise of offspring exposed to prenatal stress increased 5-HT and TPH expression in the dorsal raphe of offspring. These results suggest that treadmill exercise of offspring alleviated stress-induced suppression on serotonin synthesis. However, maternal treadmill exercise showed no significant effect on 5-HT and TPH expression.

Treadmill exercise suppressed prenatal stress-induced c-Fos expression in the hypothalamus and locus coeruleus, as a result, ameliorated anxiety-like responses in the maternal rats ([@b23-jer-11-1-12]). In the present study, treadmill exercise of offspring exposed to prenatal stress enhanced c-Fos expression in the locus coeruleus of offspring. These results suggest that treadmill exercise of offspring suppressed prenatal stress-induced neuronal activation in the locus coeruleus of offspring in late lifer. However, maternal treadmill exercise showed no significant effect on c-Fos expression.

In conclusion, we confirmed that offspring exposed to stress during pregnancy exhibited enhanced apoptosis with alterations in serotonin synthesis and neuronal activation. Postnatal treadmill exercise of offspring suppressed prenatal stress-induced apoptosis and normalized prenatal stress-induced alterations in serotonin synthesis and neuronal activation. However maternal treadmill exercise during pregnancy exerted no significant effect on off-spring. The present results suggest that postnatal treadmill exercise of offspring is effective to alleviate stress-induced neuronal changes during pregnancy.
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![Effect of treadmill exercise on Bax and Bcl-2 expression in the hippocampus. (A) Offspring in the maternal control group, (B) offspring in the maternal stress group, (C) offspring in the maternal stress with exercise group, and (D) offspring with exercise in the maternal stress group. The data are presented as the mean±standard error of the mean (SEM). ^\*^represents *P*\< 0.05 compared to the offspring in the maternal control group. ^\#^represents *P*\< 0.05 compared to the offspring in the maternal stress group.](jer-11-1-12f1){#f1-jer-11-1-12}

![Effect of treadmill exercise on 5-hydroxytryptamine (5-HT) expression in the dorsal raphe. Upper: Photomicrographs of 5-HT-positive cells. The scale bar represents 200 μm. Lower: number of 5-HT-positive cells in each group. (A) Offspring in the maternal control group, (B) offspring in the maternal stress group, (C) offspring in the maternal stress with exercise group, and (D) off-spring with exercise in the maternal stress group. The data are presented as the mean±standard error of the mean (SEM). ^\*^represents *P*\< 0.05 compared to the offspring in the maternal control group. ^\#^represents *P*\< 0.05 compared to the offspring in the maternal stress group.](jer-11-1-12f2){#f2-jer-11-1-12}

![Effect of treadmill exercise on tryptophan hydroxylase (TPH) expression in the dorsal raphe. Upper: Photomicrograph of TPH-positive cells. The scale bar represents 200 μm. Lower: number of TPH-positive cells in each group. (A) Offspring in the maternal control group, (B) offspring in the maternal stress group, (C) offspring in the maternal stress with exercise group, and (D) off-spring with exercise in the maternal stress group. The data are presented as the mean±standard error of the mean (SEM). ^\*^represents *P*\< 0.05 compared to the offspring in the maternal control group. ^\#^represents *P*\< 0.05 compared to the offspring in the maternal stress group.](jer-11-1-12f3){#f3-jer-11-1-12}

![Effect of treadmill exercise on c-Fos expression in the locus coeruleus. Upper: Photomicrographs c-Fos-positive cells. The scale bar represents 100 μm. Lower: The number of c-Fos-positive cells in each group. (A) Offspring in the maternal control group, (B) offspring in the maternal stress group, (C) off-spring in the maternal stress with exercise group, and (D) offspring with exercise in the maternal stress group. The data are presented as the mean±standard error of the mean (SEM). ^\*^represents *P*\< 0.05 compared to the offspring in the maternal control group. ^\#^represents *P*\< 0.05 compared to the offspring in the maternal stress group.](jer-11-1-12f4){#f4-jer-11-1-12}
